Nitrogen fixation by free-living microorganisms associated with plants has been of interest for many years (4, 5, 16, 20) . Recent impetus for this work was the observations in Brazil concerning Azotobacterpaspali associated with Paspalum notatum (8, 11) and Spirillum lipoferum with various grasses and cereal crops (10) . Nitrogenase activity has been investigated in tropical, subtropical, and temperate regions (e.g., 1, 6, 12, 14, 21, 27, 28, 31, 33) . Long-term experiments by research groups at Rothamsted (5) suggested that considerable amounts of nitrogen gain occurred from nonsymbiotic nitrogen fixation and that the nitrogenase activity was highly and positively correlated with soil moisture levels. Recent '6N2 studies (7) . with soil cores of Digitaria decumbens and P. notatum indicated that some 15N from 15N2 was incorporated into rhizomes, with a lesser amount into leaves. Grasslands in Canada (25, 26, 34) , New Zealand (19) , and the United States (17, 18, 28, 32) generally exhibited low levels of nitrogen fixation. sion from these studies is that bacterial or algal nitrogenase activity is associated with many plant roots, particularly in tropical and subtropical regions, but whether a significant amount of nitrogen is contributed to the plants, as with legumes, is still questionable.
The objectives of the research in this report were to survey various genotypes and growth sites of winter wheat (Tricicum aestivum L. em Thell) and sorghum (Sorghum bicolor L. Moench) in Nebraska for nitrogenase activity associated with the roots and to isolate and identify nitrogen-fixing bacteria. Wheat and sorghum were selected because they are major food sources in the world and represent biochemical diversity, and because some information on nitrogen fixation by these crops is available (23,33). Wheat, which uses the C-3 pathway for photosynthetic C02 fixation, is a crop with low or no nitrogen fertilizer added in Nebraska; a wheat-fallow biennial cycle is often followed without crop rotation. Sorghum, which predominantly uses the C-4 pathway for C02 fixation, is a moderately fertilized crop and generally is in a crop rotation.
MATERIALS AND METHODS
Winter wheat. Entries from the International Winter Wheat Nursery (29) , all winter wheat varieties recommended for Nebraska (13) , and 107 commercial winter wheat fields throughout Nebraska were tested 130 PEDERSEN ET AL.
for nitrogen fixation by using the acetylene reduction assay.
Winter wheat samples were assayed by using either a modification of Dobereiner's washed-root procedure (10) or a modified root-soil core procedure (30) . The washed-root procedure, which was adequate for initial screening but probably inadequate for estimations of in situ levels of fixation (14, 33) , involved washing the roots thoroughly with distilled water and cutting the stems just above the crown. Roots or segments of roots were placed in 20-ml vials, and the vials were sealed with rubber serum stoppers. The sealed vials were evacuated with a hand vacuum pump to 50 cm of mercury and filled with N2; this operation was repeated four times. Oxygen and acetylene were injected separately into the vials to 0.01 and 0.1 atm, respectively. Ethylene levels were determined after 18 to 24 h by withdrawing 0.5-ml gas samples from the vials and injecting the sample into a gas chromatograph (Perkin-Elmer model 3920B) equipped with a hydrogen flame detector and a 3-m Porpak N (Waters Associates, Inc.) column. Peaks corresponding to ethylene and acetylene were measured, and average rates of acetylene reduction were calculated, using the total incubation period without regard for the lag observed by us and others (23, 33) . This resulted in an underestimation of the rate for 18 to 24 h and represented the average rate for the total incubation period. The root-soil core procedure involved removing tops of the plants just above the crown and driving a steel tube (6.5-cm diameter) 12.5 cm into the ground. Cores containing roots and soil were removed from the tube and placed in 1-quart (ca. 0.946-liter) widemouth jars, and the jars were sealed with a lid previously fitted with a rubber serum stopper. Cores containing only soil were also assayed for ethylene production by this procedure. Methane (42 limol) and acetylene (about 0.1 atm) were injected into the jars. Gas samples were removed at various times with glass disposable syringes. The gas samples in the syringes were stored for subsequent analyses by inserting the syringe needles into rubber stoppers. Ethylene was measured using the methane as an internal calibration standard, and samples were analyzed as before.
In an attempt to localize sites of nitrogenase activity, roots were cut into small segments: crowns (from crown to 2 cm below the crown), lower roots, and soil; these segments were assayed separately.
Bacterial populations of soil, rhizosphere, and root segments were estimated by using standard dilution series and plating on nutrient agar (Difco Laboratories, Detroit, Mich.) or Dobereiner's N-free malate agar (10) plates. Soil samples were obtained from areas between plants and did not contain wheat roots. For rhizosphere samples, all loose soil was removed from the roots, the entire root system with adhering soil was placed into 100 ml of distilled water and shaken for 10 min, and then samples were removed for dilution. Root segments were treated with 70% ethanol and 0.5% sodium hypochlorite for 3 min and then washed three times in distilled water. The segments were macerated with a glass stirring rod in 0.85% sterile saline. All bacterial populations are reported on a dry-weight basis.
Bacterial isolates were obtained by selecting random colonies from N-free malate agar plates (previously used in determining bacterial populations), restreaking on N-free malate agar plates, and transferring single colonies to nutrient agar slants. A second method of obtaining bacterial isolates involved placing short root segments (2 cm) into semisolid N-free malate agar tubes (0.35% agar), incubating at 25°C for 4 days, and streaking on N-free malate agar plates. Single colonies were then transferred to nutrient agar slants and stored at 5°C. All isolates were tested for nitrogenase activity (acetylene reduction) using semisolid malate agar tubes. The isolates were characterized by Gram staining, by testing for cytochrome oxidase (Pathotec CO; General Diagnostics, WarnerLambert Co., Morris Plains, N.J.), and by the use of API-20E (Analytical Products Inc.) test kits. Authentic cultures from the American Type Culture Collection (Rockville, Md.) and the National Collection of Plant Pathogenic Bacteria (Harpenden, Herts, England) were used for comparative purposes. The identified isolates and authentic cultures were lyophiized and stored at -20°C for reference throughout this study. Sorghum. Sorghum samples were obtained from nurseries of the University of Nebraska and commercial fields in eastern Nebraska. Initial screenings were done with root segments as described for wheat. Subsequent samples were obtained by using the previously described root-soil core assay. Bacterial isolation and characterization were performed as described for wheat.
Line CK-60A, a male sterile grain sorghum, was tested for nitrogenase activity in the field under added levels of nitrogen (112, 196 , and 280 kg of N per hectare), phosphorus (0, 84, and 168 kg/hectare), and calcium (0, 0.68, and 1.36 metric ton/hectare). The phosphorus and calcium plots contained 112 kg of N per hectare. The plot design was a randomized block with three replications; 9 to 12 root-soil cores were analyzed for nitrogenase activity per replicate.
RESULTS
Winter wheat. Root samples (-1,200 ) from throughout Nebraska, representing 109 sites and at least 44 different varieties, were examined for nitrogenase activity during a 2-year period. Nitrogenase activity ranged from 0 to 3.1 nmol of C2H4 produced per h per g (dry weight) of roots; a mean of 0.4 nmol of C2H4 per h per g (dry weight) was observed with most of the root samples, even after 18 to 24 h of incubation (Table 1) . However, a commercial winter wheat field of Scout 66 located near Chappell, Neb., had appreciable activity. This field was sampled four times from early heading through the hard dough stage, and a range of 1.0 to 9.1 nmol of C2H4 produced per h per g (dry weight) of root was obtained, based on total root systems. When roots were cut into segments to localize activity, a maximum of 290 nmol of C2H4 produced per h per g (dry weight) was obtained from 2-cm segments ( An experiment was done to determine the effect of increasing levels of N, P, and Ca on acetylene reduction by soil-root cores of CK-60A and to determine variations of activity in sampling within a plot (Table 6 ). High levels of nitrogen and phosphorus significantly depressed nitrogenase activity, while high levels of calcium had no significant effect. Due to large differences among the means from N, P, and Ca control, which cannot be explained, the three treatments were analyzed independently. However, the near Chappell, Nebraska, and several grain sorghum lines in eastern Nebraska. However, the sorghum samples generally had higher activity than the wheat samples in both assays. The activity in the wheat roots appeared to be localized, with 85% of the activity being found in 2-cm segments located directly below the crown. Very little activity was found in the lower roots or in the soil. The root systems from the Chappell field were extremely fibrous, and the root systems directly below the crown were unusually large in diameter. None of the other wheat fields sampled during this study had roots that were as large or fibrous as those from the Chappell field. This appears to be similar to the results of von Bilow and Dobereiner (35) on maize.
Root-soil cores of wheat exhibited very low activity throughout this study. However, the soil was extremely dry and sandy and tended to break apart in the sample jars. Thus, the environment in the cores would be quite different for the small vials used in the washed-root assay. Tjepkema and Van Berkum (33) (2, 9) . (15, 17, 19, 34) . E. cloacae, previously reported as being associated with corn (23), was found in both wheat and sorghum. E. herbicola was isolated only from the wheat field at Chappell. Although E. herbicola is generally not recognized as a nitrogen fixer, such isolates from paper pulp water are reported by Neilson and Sparell (22) .
